By combining the 'two-distance' technique with the Berg-Barrett method of diffraction microscopy the small angular tilts of twin components in various lattice planes of a twinned crystal can be determined. The values of tilt angles as determined by this technique in NiO and BaTiO3 crystals are in accordance with the calculated values within the experimental error which is estimated to be about 6%. In favourable cases this technique offers some advantages if compared with other X-ray, as well as non-X-ray techniques, particularly with regard to the possibility of exploring microscopic areas of the crystal and seeing at the same time the topography of domains and of crystal imperfections.
Introduction
Recently, the Berg-Barrett technique of diffraction microscopy was applied to single crystals having a domain structure, such as antiferromagnetic NiO (Saito, 1962) and ferroelectric BaTiO3 (Bousquet, Lambert, Quittet & Guinier, 1963) . Many features of domain structures were derived from Berg-Barrett micrographs but -except for a rough estimation by Saito - the tilt angles of domains were measured by other X-ray techniques.
In this paper the possibility of determining domain misorientations from Berg-Barrett micrographs is shown. The main characteristic of a twinned crystal is the appearance of white and dark bands in X-ray images. White bands represent unexposed regions separating the beams reflected by two adjacent domains, whereas dark bands are overexposed regions due to the overlapping of reflected beams. The width of one band is proportional to the distance from the crystal to the photographic plate, and depends in a simple manner on the tilt angle of reflecting planes at the domain boundary, and on the geometry of reflexion. Schulz (1954) used this effect to find angular tilts of mosaic blocks.
Two problems arise if one wishes to apply Schulz's technique to systems of lamellar domains of microscopic sizes: (1) due to the intermingling of beams the proportionality between the band width oJ and the crystal-to-emulsion distance h holds only up to a critical level (the level a-a in Fig. 3); (2) the accurate measurement of small crystal-to-emulsion distances presents a serious difficulty, particularly if the emulsion is not parallel to the crystal surface. Both problems can be solved if the "two-distance technique' is used, i.e. if two X-ray images are taken successively at different distances from the crystal.* As the difference in band widths in the images Ac,) is proportional to the difference in distances, Ah, the angular separation ~0 of the beams can be determined unambiguously. In this way not only is the necessity of knowing the absolute value of the crystal-to-emulsion distance h avoided, but also the requirement of keeping this distance below an unknown critical value becomes unnecessary because the widening or narrowing of white, black and grey bands does not depend on the distance itself.
The geometry of domain reflexions
Simple formulae allowing the experimental determination of angular tilts of domains by the 'two-distance technique' were obtained using the following suppositions. (1) The tilt angle and the difference in Bragg angles between two adjacent domains are small enough to justify usual small angle approximations. (2) Only zero-layer reflexions are considered. (3) By the term 'domain boundary' we shall denote the intersection line of a domain wall with the surface. Two orientations only of domain boundaries with respect to the plane of incidence are evaluated: (a) the 'transverse" boundaries which lie perpendicularly to the plane of incidence [Fig. l(a) and (b)] the "longitudinal' boundaries which are parallel to the plane of incidence [Fig. l(b) ]. (4) The axes of tilt should be perpendicular to the plane of incidence in the case of transverse domains and parallel to it in the case of longitudinal domains.
First we shall express the dependence of the band width co on the divergence 4o of beams reflected from a pair of domains ( Fig. 1) . If x is the path from a crystal point to its image, the angle of divergence ~0 is given by sin y/x in the case of transverse domains, and by og/x in the case of longitudinal domains, where 7 is the mean angle between the photographic emulsion and the reflected rays. As x = h/sin 7, we have {o = h ~0/sin 2 7' in the case of transverse domains and {o=h ~0/sin y in the case of longitudinal domains.
Since co is proportional to h, the angle ~p can be found from the difference in band widths A~o as measured in two crystal images separated by Ah using the relations:
for transverse domains, and
Ah sln y * Such a procedure was used by Weissmann (1956) to trace the position of single grains in a polycrystalline material (the 'tracer technique').
for longitudinal domains. When the photographic emulsion is parallel to the crystal surface y=0+~, where ~ is the angle between the reflecting planes and the crystal surface. It is often convenient to put the photographic emulsion parallel to the incident beam. In this case y=20; the image is extended or contracted in the direction of the incident beam, the ratio of image to crystal size being sin (0+~)/sin 20. The next step is to find the relationship between the reflected beam divergence ~p and the tilt angle r/of reflecting planes at the domain boundary.
In the case of transverse domains the divergence does not depend only oil the tilt angle q but also on the difference in Bragg angles AO if reflecting planes in two domains have different spacings. Both the pure r/component and the pure 30-component of the angle ~0 give rise to white or black bands in the X-ray image. Thus, the effects of both components will be added or subtracted depending on the side from which the domain boundary is irradiated. Therefore, the general dependence of ~p on q is given by
the sign of terms depending on the twin structure and on the reflecting planes used for the image formation. The influence of AO on the final effect may be rather strong if the angles q and AO are of same order of magnitude; it can even give rise to the opposite contrast of bands to that expected on the basis of the presence of ridges and valleys in reflecting planes. Combining the "two-distance' with the 'opposite-side' technique -under the condition that q and AO are the same after reversal of the beams -the angles r/and AO can be determined simultaneously.
In the case of longitudinal domains the presence of AO is not perceptible in the X-ray image for the following reason. Rays reflected at one point of the domain boundary diverge in a way showing clearly the difference between the pure q-and A0-component as, for instance, rays 1 and 2' in Fig. l(b) . However, as the whole surface of domains reflects simultaneously, the gap between rays 2' and 2 is filled with rays issuing from other points of the boundary, and thus the final effect manifests itself as due to the pure q-component: black and white bands are due to the divergence of reflected rays in a plane normal to the plane of incidence. The approximate relationship connecting angles 4o and q is given by ~0 = 2q sin 0,
where the best value for tO is the mean value of the Bragg angles of both domains. Combining relations (4) and (2) we get
Thus the determination of angle r/ at longitudinal boundaries is straightforward.
As the whole procedure of the two-distance technique is based on the accurate measurement of AoJ, the X-ray images must have sharp details. Therefore other factors, geometrical or physical, which limit the resolution of the Berg-Barrett technique should be considered. Owing to simultaneous reflexion of K~ and K~2 radiation, the edges of transverse bands are poorly defined but longitudinal bands are not affected. Conversely, the finite width of the X-ray line focus affects only longitudinal bands causing the narrowing of white bands and the enlarging of black bands. This influence can be easily allowed for by a simple formula but experience has shown that the accuracy of the method itself is not sufficient to justify such corrections.
Experimental procedures
A Hilger fine focus tube with a copper anode was used, the projected size of the vertical line focus being 10 pm x 1.4 ram. A single-crystal goniometer, Unicam S 25, was adapted for taking Berg-Barrett micrographs. The variable crystal-to-plate distance was achieved by a system of two parallel plates, a screw allowing the translation of the upper plate along the plate normal. The whole two-plate assembly could be rotated around the horizontal axis and translated in the plane of the plates. The photographic plate-emulsion side downwas put on the upper plate; a slot cut in this plate -allowed the reflected beam to reach the emulsion. The crystal was put on the lower plate or -if the position of the photographic plate had to be independent of the crystal orientation -on a standard goniometer head. The crystal-to-focus distance was chosen to give the divergence of the incident beam required for the simultaneous reflexion from all domains of a system. Finely grained photographic plates, Kodak 'Maximum Resolution', were used. The X-ray images were enlarged by means of a microscope; the measurements of details in these micrographs were performed with the help of a measuring microscope.
The rhombohedral NiO crystals investigated in this work were grown by the Verneuil technique, and the tetragonal BaTiO3 crystals by the Remeika technique. The surfaces of both kinds of crystals were of {001} form.
The X-ray images of NiO were taken by 002, 024 and 113 reflexions, and of BaTiO3 by 002 reflexion (the indices refer to the cubic high temperature modifications of the crystals). Only domains oriented parallel to the plane of incidence were investigated quantitatively since their diffraction effects give direct information on the tilt angle of domains, and, on the other hand, the black and white bands are better defined than in the case of transverse domains allowing more accurate measurements. In all cases tilt axes were parallel to the plane of incidence as required by the theory. This could be easily verified since the crystallography of domains in NiO (Slack, 1960) and in BaTiO3 (Kay, 1948 ) is known. 
Measurements of tilt angles

(a) General remarks
A qualitative study of Berg-Barrett micrographs of a twinned crystal, taken at different crystal-to-emul- sion distances, was carried out before the measurements were undertaken. Therefore, the reflexion 002 of NiO was recorded at several distances from the crystal. Details from five of those photographs are shown in Fig. 2 . The arrow indicates the sense of irradiation. The distortion of the crystal and the unevenness of the cleavage plane are the reasons for the bands not being straight everywhere and hence not parallel to each other.
Two kinds of bands with different behaviour can be distinguished: (a) the bands which widen proportionally to the distance, such as A or B, and (b) the bands of constant width which appear in pairs of a black and a white band, such as CD or EF. In Fig. 3 the geometry of diffracted beams in both cases is shown; the rays are projected onto a plane perpendicular to the plane of incidence. The widening bands [ Fig. 3(a) ] appear be-low the critical distance at which a white and a black band would come into contact. The distance between the centres of a black and a white band corresponds to the width of one domain. The bands of constant widths [ Fig. 3(b) ] appear above the critical plane if one narrow domain is situated between two larger ones. The width of this narrow domain is nearly equal to the width of either band of a pair.
Only those black and white bands which are clearly separated and alternate regularly were used for measurements. In the case of very narrow domains of comparable widths the bands are either not resolved or, due to the intermingling of beams diffracted from several domains, the proportionality between band widths and distance does not exist.
In Fig. 2 the effect of divergence of rays due to the finite distance of the X-ray source is observable: the whole crystal image gets larger if the crystal-to-image distance is increased. The size of grey bands as well as the size of bands of 'constant' widths depend on this instrumental divergence. However, the spacings which were used for measurements (the size of white and black bands of variable widths and the spacing between the central lines of bands of 'constant' widths) are not affected by the instrumental divergence since they are limited by rays issuing from the same lines in • the crystal surface.
As seen in Fig. 2 the contrast of grey bands as well as of black and white bands is not homogeneous. Closer examination of X-ray images taken under different diffraction conditions has indicated that the domains have a substructure: tiny domains, too narrow to be manifested by continuous black and white bands, are incorporated into larger domains. These structural imperfections limit greatly the accuracy of the twodistance technique as the band edges have a structure which changes from one image to the other. To show the limitations of the method one experiment will be described in detail.
(b) Domains in NiO
A simple system of domains in the NiO crystal oriented along a face diagonal was photographed at five distances from the crystal, separated by a spacing of 2 mm, by 113 reflexion. Three of these images are shown in Fig. 4 . The same section of one band was 19"38 + 0"05 8"38+0"10 10"5 +4"7% -2"3 ho + 2 27"76 + 0"05 8"25 _+ 0-13 10.3 + 5"1% --4"2 ho+4
36"01 +0"08 7"85_+0"15 9"8_+5-4% -8"9 ho + 6 43"86 _+ 0"07 7.5 _+ O" 17 9"4 + 5"8% -12"5 ho+8 51.4+0"10 1oo measured in all five images in micrographs which had been enlarged 56 times. The band widths expressed as mean values of 10 measurements are given in the second column of Table 1 together with root mean square errors. In the third column the differences in band widths in adjacent images are given. The errors of other quantities entering relation (5) from which the angle q was calculated were estimated. As the spacing of successive positions of the photographic plate was measured by a vernier caliper, the percentage error is estimated to be 2.5%. In this experiment the parallelism of the emulsion and the crystal surface was estimated by visual inspection; a possible deviation of 1 ° introduces an error of less than 1%. The error in measuring the photographic enlargement is one order of magnitude smaller than other errors. The values of r/are given in the fourth column of Table 1 ; total errors are calculated as the sum of percentage errors in /1o9, /1h and sin ),.
In the fifth column the percentage deviation of the measured values of the tilt angle from the calculated ones are given. The lattice parameters of the rhombohedral NiO being a=4.1768/~ and ~=90°4.2 ' (Rooksby, 1948; Slack, 1960) the tilt angle of twins in the (113) plane is 10.75'.
Similar results were obtained when other sections of the same band or the other bands were measured; the accuracy of measurement of the widths of the bands on the micrographs was lower for white bands than for black.
As seen in Table 1 , the proportionality between to and h is not proved. Experimental errors do not account for these discrepancies. This behaviour is attributed to the structural imperfections of domains which influence the apparent band widths. As the presence of imperfections is least manifested quite near to the crystal, only the results as obtained from the micrographs taken neal to the crystal are reliable. This conclusion is supported by the fact that the values of r/as found from the third and fourth pair of images differ from the calculated values by more than can be accounted for by the total experimental error.
In other experiments the error in Ah was much reduced by using the screw pitch of the moving system for its measurement, and also a better setting of the photographic plate could be achieved. However, the total error was not always reduced since it depends strongly on the geometry of reflexion and on the magnitude of the tilt angle. For instance, the error in measuring Ao9 for the 002 reflexion was twice as great as for the 113 reflexion since, for the same distance from the photographic plate to the crystal, the X-ray path is much greater.
The facial tilt angles at cube edge boundaries in NiO were determined by 002 reflexion. The result of measurements of a black band was 8.2'+ 4.8%, and of a white band 8.1' + 6.8%. Angular tilts of a system of cube edge boundaries in (012) planes were determined by 024 reflexions; using the bands of constant widths the result at one boundary was 3.8' + 7.5% from which as much as 6% should be attributed to measurements of Aog. The error is so large because /1o9 is a small difference value, for which large percentage errors are inevitable.
(c) Domains in BaTiO3
Facial tilt angles of domains in BaTiO3 crystals were determined in a sample of a fairly simple texture; Fig.6 . Two details of the X-ray image shown in Fig. 5(a) limiting the central domain on both sides, as recorded in three levels in space separated by 1.4 mm. Rhodes (1951) are used. Fig. 5 shows the general view of the crystal as recorded by 002 reflexion [Fig. 5(a) ] and between crossed polarizers [ Fig. 5(b) ]. In Fig. 6 two enlarged details of micrographs taken in three levels are given. Only the bands of constant widths appear. In the left part of the crystal only two 'a' domains exist, incorporated into a large 'c' domain. The wavy black band without the white pair is the reflexion of the narrow 'a' domain situated at the left edge of the crystal. The angular tilt which the other, straight domain forms with the large 'c' domain was found to be 36.3'_ 5%; the error in measurements of Ao9 is smaller than 0.5%.
The right hand part of the crystal is twinned to a high degree; owing to the interaction of bands belonging to extremely narrow domains, diffraction patterns of individual domains cannot be distinguished. However, in the region near to the large 'c' domain several pairs of corresponding white-black bands could be identified. The values of their tilt angles were somewhat scattered around 36.3' but not by more than 1.4% on either side. Thus the conclusion may be drawn that facial tilt angles of all domains in this system are the same no matter how domains are distributed.
Results and discussion
As tilt angles can be calculated if lattice parameters are known, we shall compare our results with calculated values for NiO and BaTiO3 crystals. As seen in Table 2 , all tilt angles of domains, as determined by the twodistance technique in various crystals, and on various lattice planes, are in good accordance with the values calculated on the basis of lattice parameters found on powders of NiO and BaTiO3. The difference between measured and calculated values does not exceed the experimental error even in unfavourable cases such as rather distorted crystals, very small tilt angles in (012) planes of NiO, or very narrow domains in BaTiO3. Thus the Berg-Barrett method combined with the twodistance technique proves to be useful. In the case of longitudinally irradiated boundaries the accuracy of this technique is, on average, 6%.
Limitations of this technique lie firstly in the nature and texture of crystals: if both types of alternating domains are too narrow, or tilt angles are too great, the technique is not applicable at all. Secondly, not all lattice planes can be investigated by longitudinal irradiation of domain boundaries. Some of the planes can be explored by orienting boundaries perpendicularly to the plane of incidence but the experimental error in this case would be much greater because ofthe simultaneous reflexion of Keel and Ke2 radiation. The reflexion of K~2 radiation could be prevented by using a fine slit and translating the crystal, together with the photographic plate, during exposure (Lang's technique in reflexion).
To see some advantages of the two-distance technique let us compare it with other techniques used up till now for measuring tilt angles in NiO and BaTiO3 crystals. The X-ray techniques which were used to determine the misorientations of domains in BaTiO3 crystals (Quittet, 1962; Bousquet, Lambert, Quitter & Guinier, 1963) give the average tilt angle of a system of domains. The Lambot-Kato technique which was applied to NiO crystals (Kohn & Iida, 1964 ) explores a microscopic area of the crystal, but the topography of domains which reflect hasto be deduced from the diffraction pattern. The main advantage of the Be)g-Barrett method lies in the fact that tilt angles of individual domains can be measured, while at the same time the topography of domains and of surface imperfections can be seen. Thus, imperfections do not influence the results in an uncontrollable manner.
Two non X-ray techniques allow a direct measurement of facial tilt angles. One of them is the technique of specular reflexion which was used by Slack (1960) to determine -with the help of an optical goniometertilt angles of domains in the (117.) face of the NiO crystal. The other technique is interference microscopy. Both of these techniques require grinding and eventual cutting of the crystal which changes the domain texture.
The Berg-Barrett method reveals the domain texture in surface layers of untreated crystals and there is no need to expose lattice planes of interest at the surface.
The Berg-Barrett method could be applied to various problems where tilt angles -indicating structural changes -are of interest. There are many substances for which a transition of phase is characterized by a slight change in lattice parameters, and a single crystal in course of transition into the low temperature phase of lower symmetry breaks down into an assembly of twins forming small tilt angles. The variation of tilt angles with temperature, for instance, could be followed in a fairly simple way: once the tilt angle had been determined at a chosen temperature by the two-distance technique, only one Berg-Barrett image at each of the other temperatures would be sufficient.
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